NAGNAG alternative splicing plays an essential role in biological processes and represents a highly adaptable system for posttranslational regulation of gene function. NAGNAG alternative splicing impacts a myriad of biological processes. Previous studies of NAGNAG largely focused on messenger RNA. To the best of our knowledge, this is the first study testing the hypothesis that NAGNAG alternative splicing is also operative in large intergenic noncoding RNA (lincRNA). The RNA-seq data sets from recent deep sequencing studies were queried to test our hypothesis. NAGNAG alternative splicing of human lincRNA was identified while querying two independent RNA-seq data sets. Within these datasets, 31 NAGNAG alternative splicing sites were identified in lincRNA. Notably, most exons of lincRNA containing NAGNAG acceptors were longer than those from protein-coding genes. Furthermore, presence of CAG coding appeared to participate in the splice site selection. Finally, expression of the isoforms of NAGNAG lincRNA exhibited tissue specificity. Together, this study improves our understanding of the NAGNAG alternative splicing in lincRNA.
Introduction
The NAGNAG alternative splicing mechanism is a process which facilitates alternative protein expression from a single gene. Analysis of deep RNA-sequencing data by Bradley et al. (2012) confirmed that NAGNAG is highly regulated [1] . NAGNAG alternative splicing specifically targets inclusion or exclusion of three nucleotides at 3 splice sites (Figure 1 ), thus effecting a change in one or two amino acids encoded in the final protein [2] [3] [4] [5] [6] [7] [8] [9] . Such amino acid substitutions have been shown to affect protein function and interfere with signaling [10] , affect cellular localization [11] , and impact on DNA and protein binding [12] [13] [14] in both plants and mammals. A role for NAGNAG alternative splicing was shown in human Stargardt disease [15] and has been implicated in other disease processes including cancer [16] .
Large intergenic noncoding RNAs (lincRNAs) have traditionally been defined as long noncoding transcripts greater than 200 nucleotides in length. Overlapping isoforms of lincRNA have been reported previously and may include protein-coding genes [17] . Recently, while exploring the dynamic profiles of NAGNAG acceptors in Arabidopsis, we identified two isoforms originating from the same NAGNAG acceptors but located in noncoding RNA [18] . To date, previous studies have assumed NAGNAG acceptors function through the classical mRNA paradigm based on observation of altered coding for one or two amino acids in the proteincoding gene. Based on this observation of NAGNAG acceptors in Arabidopsis, we proposed an expanded paradigm and hypothesized that NAGNAG alternative splicing mechanism also exists in lincRNA.
Bioinformatics has become a powerful tool for the study of alternative splicing and its functional consequence. To date, bioinformatic analyses have produced evidence of alternative splicing in approximately 80% of human genes [19] . Bioinformatic approaches have been invaluable for exploring comparative genomics across species and such studies have produced important insights into regulatory mechanisms The NAGNAG acceptors at the 3 -end can be either at site 1 or site 2, are three nucleotides apart, and exhibit the "NAGNAG" motif signature.
governing splicing and its role in evolution and adaptation. Single base-pair resolution offered by deep RNA sequencing motivated us to find further direct evidence of NAGNAG alternative splicing in lincRNA. To accomplish this goal we applied computational approaches to two public datasets of deeply-sequenced human tissue genomic data whose content included previously annotated lincRNA. By aligning the two RNA-seq data sets and systematically screening, identifying, and quantifying the NAGNAG alternative splicing of lincRNA, 31 NAGNAG alternative splicing events in lincRNA were defined. Importantly, tissue-specific patterns of expression for NAGNAG isoforms in lincRNA were observed.
Methods

Data.
RNA-seq data sets were downloaded from NCBI SRA (accession number for data sets 1 and 2: E-MTAB-513 and GSE30554). These RNA-seq data were generated by sequencing 8 individual human tissues and mixture of 16 tissues (Illumina Body Map) using the Illumina HiSeq 2000 (Illumina, Inc.) platform. Each sample was deeply sequenced with more than 200 million reads and annotated for lincRNA. We only kept the high-quality reads using FastX quality filter with the following criteria: minimum of 20 Phred score over at least 80% of the sequence read.
Alignment, Screening, and Quantification.
Annotations of human lincRNA were obtained from Human lincRNA Catalog hosted at Broad Institute [20] . All RNA-seq datasets were aligned to lincRNA with tophat [21] using the "-maxmultihits 1", which only permits unique mapping. The anchor length of the software was set at 8 nt and the mismatch number in these regions at 0 nt to avoid alignment bias. After the data were aligned, sequence postprocessing tool (SAMtools) was used to store, sort, and index the binary SAM data (bam files) with respect to sequence alignment (http:// samtools.sourceforge.net) [22] . To identify lincRNA containing NAGNAG alternative splicing sites, we screened the lincRNA sequences using the classical expression of the "NAGNAG" motif. Alignment of RNA-seq reads to the NAGNAG splicing junctions was used to confirm and validate the existence of the splice sites. We required at least four junction reads with the same 5 splice sites, stipulating that two needed to match the first NAGNAG splice site (site 1) while the other two were required to match the second NAGNAG splice site (site 2) [23, 24] .
The sequences for splice sites and the 30 bp exonic and intronic flanking sequences were extracted based on hg19 genome sequence with Bioconductor package Biostrings (R package version 2.22.0). Sequence logos were drawn by WebLogo with default parameters as described previously [25] . Two flanking sequences of the NAGNAG acceptors, including 30 bp from intron and 30 bp from exon, were extracted and screened for the potential patterns. The ratio of isoform expression at two alternative splice sites (site 1 and site 2) was calculated as log(read counts at side 1âĄĎread counts at side 2). NAGNAG acceptors were grouped into four categories based on this ratio and the strand information. If the expression of isoform 1 was more than that of isoform 2, ratio > 0; otherwise, ratio < 0.
To quantify RNA expression levels, all RNA-seq counts were normalized using reads per million (RPM). The expression level of NAGNAG isoforms in lincRNA was calculated by read counts through Bioconductor package Rsamtools (R package version 1.6.3) and IRanges (R package version 1.12.6). Duplicate reads were kept for quantification purpose. NAG-NAG motifs were only designated as NAGNAG acceptors if two splice sites exhibited more than 2 reads in at least two samples. To avoid ambiguity, we discarded those NAGNAG acceptors located in the overlapping area between lincRNAs and annotated genes.
Quantification of Tissue-Specific NAGNAG Acceptors.
To analyze the relationship between the ratio of two NAGNAG splice sites and the tissues, we used Bioconductor package limma through the linear model:
where represents the log ratio of two NAGNAG splice sites from the same NAGNAG acceptor, with NAGNAG acceptor , tissue , and sample ; represents the main effect of th NAGNAG acceptor; represents the main effect of th tissue; represents the measurement error. The NAGNAG acceptors were selected using false discovery rate (FDR)-adjusted values < 0.05.
Results
Two novel observations were documented. First, mapping of unique reads to the potential NAGNAG alternative splicing sites in human lincRNA demonstrated existence of NAGNAG alternative splicing in lincRNA (Table 1) . Of the 1320 lincRNAs containing the NAGNAG motif, presence of NAGNAG acceptors was confirmed with RNA-seq data in 30 lincRNAs. These 31 NAGNAG acceptors originate from 30 transcripts. Interestingly, linc-POLR3G-10 exhibited two NAGNAG acceptors located in two distinct transcripts: TCONS 00010012 and TCONS 00010010. Presence of two NAGNAG acceptors was identified in the upstream region Figure S1) , compared to the average exon and intron length of lincRNA which ranged between 349 ± 630 bp and 8476 ± 19751 bp, respectively. Most tandem acceptors of lincRNA occurred at the furthest exon, that is, second exon occurring in the lincRNA (mean: 2.52; sd: 0.71) whereas those found in proteincoding genes were found centrally located among all of the exons occurring in the gene (mean: 10.7; sd: 8.8). The most prevalent triplet found among the lincRNA sequences was CAG for both splice sites, with GAG present at lowest frequency (Supplementary Table S1 ). CAGCAG and CAGAAG combinations occurred at highest frequency. Positive correlation with the expression level was found when CAG was encoded relative to splice site selection. Specifically, a predilection for the first splice site was noted when CAG was encoded at the first NAG site (ratio > 0, Figure 2) . Alternatively, when CAG was located at the second NAG position or was absent from the splice site altogether, the second NAG was favoured for splicing (ratio < 0, Figure 2) .
The second novel observation was demonstration of tissue-specific properties by 6 NAGNAG acceptors in lincRNA (FDR adjusted value < 0.05). Figure 3 shows that 6 of 31 NAGNAG acceptors exhibited statistically significant differences in expression levels across diverse tissues. Specifically, as seen in Figure 3 , the first NAG splice site is specifically targeted by the NAGNAG acceptor: chr5:87583253-87583256 + from TCONS 00010012. Presence of these splice sites was associated with a clear expression pattern in several tissues including lymph node, lung, and kidney, and this 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041 3 5 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041 3 5 1 2 3 4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041 3 5 1 2 3 4 5 6 7 8 9 signature was remarkably consistent. Moreover, a similar pattern for the alternative splice sites was noted and the second NAG splice site was specifically targeted by NAG-NAG acceptors: chr15:95753867-95753870 -. This distinctive expression pattern was clearly evident in ovary. Twenty-five of NAGNAG acceptors were notably absent or exhibited no difference in expression pattern across most tissues.
Discussion
Splice sites are pivotal factors in the splicing process [26] . NAGNAG alternative splicing was identified in the past decade and is characterized by inclusion or exclusion of three nucleotides at 3 splice sites, resulting in substitutions in one or two amino acids in the protein products. Previous studies have shown that this type of alternative splicing is highly regulated and related to proteome evolution [1] . Functionally, NAGNAG alternative splicing in mRNA results in various isoforms which generate alternative proteins following translation.
To the best of our knowledge, the present study provides the first evidence that NAGNAG alternative splicing can be observed not only in mRNA but also in lincRNA. Although alternative splicing of lincRNA was reported previously [20] , the report of NAGNAG alternative splicing is novel. Following analysis of two RNA-seq data sets including annotations for lincRNA, we identified 31 NAGNAG acceptors in lincRNA. These 31 NAGNAG acceptors originated from 30 transcripts. Interestingly, a role for "CAG" sequence was suggested in splice site selection with CAG being the most prevalent triplet found among the lincRNA sequences for both splice sites. GAG was present at lowest frequency and CAGCAG and CAGAAG combinations occurred at highest frequency. A predilection for the first splice site was noted when CAG was encoded at the first NAG site. The second NAG was favoured for splicing when CAG was located at the second NAG position or was absent altogether. This finding is consistent with the previous reports about mRNA [27] .
Traditionally, lincRNA has been defined as stretches of DNA transcripts exceeding 200 base pairs in length which do not encode putative functional protein products [28] . lincRNA has been posited to play a role in splicing processes [29] and has been reported to contain predominately two exons [30] . In the current study, most exons from lincRNA containing NAGNAG acceptors exceeded protein-coding genes in length. Most tandem acceptors of lincRNA identified in the present study occurred at the furthest exon, that is, the second exon occurring in the lincRNA. By contrast those found in protein-coding genes have generally been found centrally located among all of the exons occurring in the gene.
The mechanism of this NAGNAG alternative splicing is not completely understood. Hiller and colleagues [3] suggested that these NAGNAG acceptors are not random noise because some fraction of NAGNAG acceptors is tissuespecific, although this theory was not universally shared by others [6, 8] . However, Bradley et al. provided solid evidence in support of tissue specificity based on RNA-seq analysis of 16 human and 8 mouse tissues wherein they demonstrated that at least 25% of NAGNAG acceptors in mRNA were regulated in a tissue-specific manner [1] . This percentage exceeded earlier estimates for tissue specificity [27] . Analysis of our selected datasets revealed low levels of consistent tissue-specific patterns relative to NAGNAG acceptors in lincRNA. Among 19% of NAGNAG acceptors that exhibited distinct differences in expression levels of certain tissues, targeting of specific splicing pattern among two NAGNAG acceptors was noted.
There are some limitations of this computational study. First, use of annotation data was limited to the Human lincRNA Catalog at Broad Institute [20] , although other annotations of human lincRNA are also available [30] . More information about lincRNA will help to identify more NAG-NAG alternative splicing. Second, biological significance and potential disease impact of NAGNAG alternative splicing was only projected computationally, and awaits confirmation through further proteomic studies. For example, results of gene ontology analysis by application for genes targeted by NAGNAG acceptors in lincRNA indicated that these genes were all functionally engaged in transcription regulation (ANP32A, CHD9, NR1D1, POLR3G, VEZF1, ZNF227) and signalling (CRP, CTBS, FAM174B, FAM20C, GDF10, ITGA4, NETO1, RGMA, TMEM132C, OSMR). Further, analysis for potential disease association of the neighbouring genes revealed that these genes represented candidate genes associated with risk for many important diseases, including hypertension, obesity, and cancer, among others (see Supplementary Table S2 for a complete list).
Importantly, bioinformatics analysis has proved to be an invaluable tool in the investigation of the role of alternative splicing from numerous perspectives including microarray analysis, alternative splicing prediction utilizing comparative genomic approaches, identification and depiction of isoform and splicing patterns, definition of regulation of alternative splicing, delineation of functional impact, and its role in defining evolutionary and adaptive processes, among other investigations [19] . To delineate alternative splicing in lincRNA, further investigations are essential in unraveling their functional and regulatory roles through application of bioinformatic, genetic, and proteomic approaches. The evolutionary aspect of lincRNA NAGNAG alternative splicing across different species can also be studied in the future.
